We assessed the drug interaction profile of fermented red ginseng with respect to the activity of major cytochrome (CYP) P450 enzymes and of a drug transporter protein, P-glycoprotein (P-gp), in healthy volunteers.
Introduction
Ginseng, the root of Panax ginseng C.A. Meyer (Araliaceae), is one of the most frequently used traditional medicines in Korea, China, Japan and other Asian countries [4] . Ginseng is classified into three types depending on how it is processed: fresh ginseng (not processed), white ginseng (dried after peeling), and red ginseng (steamed and dried) [5] . Red ginseng can be stored for extended periods of time because of the removal of humidity during the manufacturing process [6] . Red ginseng is used clinically for various diseases in China, Korea and Japan, including cancer, erectile dysfunction, hypertension, liver dysfunction and post-menopausal disorder [7] [8] [9] [10] [11] [12] . Ginsenosides, the major ingredient responsible for the pharmacological activities of ginseng, are classified into the 20(S)-protopanaxadiol (ginsenoside Rb1, Rb2, Rg3, Rc and Rd) and 20(S)-protopanaxatriol (ginsenoside Re, Rg1, Rg2 and Rh1) groups based on their aglycone moieties [13, 14] . In the majority of commercial ginseng-derived products, the major and most abundant components are ginsenosides Rb1, Rb, Rc, Rd, Re, Rf and Rg1 [15] . Most of these components are poorly absorbed from the gastrointestinal tract due to their high molecular weights and bulky sugar moieties [16] . However, the various methods used to manufacture ginseng-derived products can alter the formation and concentration of the ginsenosides [17] .
Recently, interest in compound K ([20-O-(β-D-glucopyranosyl)-20(S)-protopanaxadiol]) has increased because of its biological activities. Compound K has been reported to have anti-cancer [18] [19] [20] , anti-inflammatory [21, 22] , antidiabetes [23, 24] and anti-allergenic effects [25, 26] . Although the abundance of compound K is low in raw and red ginseng, in humans, orally administered protopanaxadiol (PPD)-type ginsenosides, such as ginsenoside Rb1, Rb2, Rc and Rd, are primarily metabolized to compound K by intestinal microflora via the following hydrolytic transformation pathway: ginsenoside Rb1 → ginsenoside Rd → ginsenoside F2 → compound K [27] . Ginseng is usually administered orally, and the amount of compound K absorbed into the body varies among individuals depending on the metabolic ability of the human intestinal microflora [28] .
Fermented red ginseng was developed to increase the absorption rate of ginsenosides. The fermentation of red ginseng using intestinal microflora increases the content of ginsenoside metabolites, such as compound K, Rh1, Rg3, protopanaxatriol and protopanaxadiol. Because ginsenoside metabolites have relatively higher absorption rates than naturally occurring ginsenosides, the bioavailability of fermented red ginseng is dramatically improved compared to that of red ginseng [29] . Fermented red ginseng has antiallergic and anti-oxidant effects and improves nasal congestion symptoms [30] . Due to the widespread use of ginseng in combination with medications, there is a strong possibility of interactions between ginseng and drugs [31] . As such, there is continuing need to characterize the influence of ginseng on common metabolic and transport pathways. Some studies have assessed the influence of ginseng on a variety of cytochrome (CYP) enzymes in vitro and in vivo [31, 32] . In addition, ginsenoside metabolites have also been reported to have the potential to inhibit P-glycoprotein (P-gp) in several studies [33, 34] . In these studies, ginseng induced CYP3A activity, and P-gp activity related to midazolam and fexofenadine was unaltered by ginseng administration.
Despite the differences in the ginsenoside composition of fermented and non-fermented red ginseng, to the best of our knowledge, an investigation of the influence of fermented red ginseng on CYP enzymes and P-gp has not yet been conducted. Therefore, this study was conducted to evaluate the influence of fermented red ginseng on CYP enzymes and P-gp activity using probe substrates.
Herbal supplements may also alter the absorption or disposition of co-administered medications secondary to the modulation of drug transporter proteins such as P-gp. Recently, the possibility that ginsenoside metabolites inhibit P-gp was presented [33] . These results suggest that significant ginseng-drug interactions may be possible for ginsengderived products. However, the influence of fermented red ginseng on CYP enzyme and P-gp activity has not been studied. Moreover, it is difficult to apply previous results to in vivo research because previous studies of ginsenoside-drug interactions have been conducted in vitro.
Although many case reports have reported on ginseng and drug interactions, the resulting evidence is weak because the studies involved do not provide sufficient information on the treatment combinations or the conditions of the participants. Because many people take drugs for health reasons and expect supplementary effects from ginseng, studies of ginseng and drug interactions, the activities of drug-metabolizing enzymes, and drug transporters and pharmacokinetics are needed to provide information to ginseng consumers. The present study was conducted to characterize the influence of fermented red ginseng on the activity of CYP enzymes and P-gp through drug interactions using CYP cocktail probe drugs, caffeine, losartan, dextromethorphan, omeprazole, midazolam and fexofenadine in healthy human subjects.
Methods
The study was approved by the Ministry of Food and Drug Safety and the Institutional Review Board of Chonbuk National University Hospital (Jeonju, Republic of Korea, IRB No. CUH 2013-04-002) and was conducted in accordance with the Declaration of Helsinki regarding biomedical research involving human subjects and the Guidelines for Good Clinical Practice. A detailed explanation of the study was provided to all participants, and written informed consent was obtained prior to screening.
Subjects
Healthy volunteers aged 20-55 years were enrolled. Each subject's health was confirmed by physical examination, measurement of vital signs, 12-lead electrocardiography (ECG), serology (hepatitis B virus surface antigen, hepatitis B virus surface antibody, hepatitis C virus antibody and anti-HIV antibody), and routine laboratory assessments (haematology, chemistry and urinalysis). Subjects were excluded if they had consumed drugs known to significantly activate or inhibit drug-metabolizing enzymes within the previous 30 days or if they had taken any prescription or over-the-counter drugs within the 10 days prior to the first administration of the product under investigation. The exclusion criteria were chosen to ensure that subjects with risks specific to the administration of the cocktail probe drugs or fexofenadine or with conditions that could impact the pharmacokinetic properties of the cocktail probe drugs or fexofenadine were not included. During the pharmacokinetic phase, the fasting subjects received a CYP probe drug cocktail (200 mg caffeine +50 mg losartan +20 mg omeprazole +30 mg dextromethorphan +7.5 mg midazolam along with 240 ml of water) on Days 1 and 15 at 08:00. Blood samples for pharmacokinetic analysis of the five CYP probe drugs were collected before dosing (baseline) and at 0.25, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, and 24 h after dosing. On Days 2 and 16, each subject received a P-gp probe drug (30 mg fexofenadine along with 240 ml of water) at 08:00. To determine the pharmacokinetics of fexofenadine, blood was sampled before dosing (baseline) and at 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, and 48 h after its administration. The blood samples were immediately centrifuged at 1800×g) for 10 minutes at 4°C, and the resulting plasma was stored at À70°C until analysis.
Study design
Over the subsequent 2 weeks (Days 4-17), one pouch (70 ml; the recommended daily dose) of concentrated fermented red ginseng liquid (70 ml, >3% of dried ginseng, Fermented Red Ginseng Liquid -Jin ® , Woongjin Food Corp., Seoul, Korea) was administered once daily. The subjects were hospitalized from the evening of the day before administration of the study drugs (Day À1 and Day 14) to the mornings of Day 3 and Day 17. The subjects were continuously monitored by investigators throughout the study period. Adverse events (AEs) were identified by asking the subjects general health-related questions and through self-reporting by the subjects during the study. Physical examinations, routine laboratory assessments and vital sign measurements were performed at regular, predefined intervals throughout the study.
Bioanalytical methods
The plasma concentrations of the parents and metabolites of the five CYP probe drugs (caffeine and paraxanthine, losartan and EXP3174, omeprazole and 5-hydroxyomeprazole, dextromethorphan and dextrorphan, and midazolam and 1-hydroxymidazolam) and the P-gp probe drug (fexofenadine) were determined using a validated liquid chromatography-tandem mass spectrometry method.
The plasma concentration of each probe drug and its metabolites were determined simultaneously for all samples from the subjects. The drugs in plasma were determined by liquid chromatography tandem mass spectrometry as described previously [35] , with some modifications. All the analytes in this study generated a prominent, protonated molecular ion [M + H] + in positive-ion mode. The precursorto-product ion reactions monitoring of the drugs, the extraction methods for the plasma samples, and the analytical conditions are described in Table 1 . Aliquots of preparation samples were analysed in an API 4000 liquid chromatography-tandem mass spectrometry system (Applied Biosystems, Foster City, CA, USA) equipped with an Agilent 1200 series high-performance liquid chromatography system.
The intra-and inter-day precision over the concentration ranges of the analytes were all lower than 6.39% and 5.85% (coefficient of variation, %CV), respectively, and the intraand inter-day accuracy was between 88.40% and 108.80% and between 91.56% and 110.20%, respectively.
Genotype analysis of CYP2C9, CYP2C19 and CYP2D6
CYP enzyme activity was measured with a PyroMark ID (Biotage AB, Uppsala, Sweden). The CYP2C9*2, CYP2C9*3, CYP2C19*2 and CYP2C19*3 enzymes were measured using a pyro-sequencing method, and the CYP2D6*5 enzyme was measured using a polymerase chain reaction (PCR) method.
Pharmacokinetic and statistical analyses
Individual PK parameters were obtained by noncompartmental methods using Phoenix WinNonlin 6.3 software (Pharsight Corporation, Sunnyvale, CA, USA). The maximum plasma concentration (C max ) and time to C max (t max ) were obtained directly from plasma concentration-time curves. The area under the curve of the last sampling time (AUC last ) was calculated using the linear trapezoidal rule. The activity of CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4 was evaluated by calculating the metabolic ratio of caffeine, losartan, omeprazole, dextromethorphan and midazolam, respectively; the metabolic ratios were calculated by determining the corresponding metabolite/parent AUC ratio (AUC last, metabolite /AUC last, parent ) in plasma.
Statistical analysis was performed using SAS ® (Version 9.3, SAS Institute Inc., Cary, NC, USA). Descriptive statistics were used to summarize the pharmacokinetic data, and analysis of variance (ANOVA) at a 5% significance level was used to compare the pharmacokinetic parameters. The point estimates and 90% confidence intervals (CIs) of the ratio of the geometric means (after fermented red ginseng intake/before fermented red ginseng intake) of the logtransformed C max and AUC last were compared. Additionally, we used the Wilcoxon signed-rank test due to the small number of subjects.
Sample size determination
Intra-individual %CVs in AUC and C max of probe drugs were assumed not to exceed 30% [36] . Lack of interaction was assumed if the 90% CIs for estimated mean ratio did not exceed a tolerance zone of 0.70-1.43. A total sample size of 15 achieves an 80% power at a 5% significance level when the true ratio of the means is 1.05.
Results
A total of 15 healthy subjects (with a mean ± SD age of 25.6 ± 2.6 years, a mean height of 177.2 ± 4.9 cm, and a mean weight of 71.9 ± 12.3 kg) were determined to be eligible for the study and enrolled. CYP enzyme genotyping was conducted in 15 subjects, and none of the participants were found to be genetically poor metabolizers of CYP2C9*2/*2, *2/*3 or *3/*3, of CYP2C19*2/*2, *2/*3 or *3/*3, or of CYP2D6*5/*5.
Effects of fermented red ginseng on CYP enzymes
The pharmacokinetic parameters of the 15 subjects who completed the study were evaluated according to the described protocols. The mean plasma concentration-time profiles of the CYP and P-gp probe drugs are shown in Figure 1 . The metabolic ratio between the parents and metabolites of each CYP probe drug are described in Table 2 . The point estimate (90% CI) of the ratio of the geometric means (after fermented red ginseng intake/before fermented red ginseng intake) of the C max and AUC last of caffeine was 1.002 (0.857-1.171) and 1.128 (0.997-1.277), respectively, and the corresponding point estimate (90% CI) of the caffeine metabolic ratio (i.e., paraxanthine AUC/caffeine AUC), which was used to evaluate CYP1A2 enzyme activity, was 0.901 (0.830-0.979).
The point estimate (90% CI) of the ratio of the geometric means (after fermented red ginseng intake/before fermented red ginseng intake) of the C max and AUC last of losartan was 0.974 (0.797-1.190) and 1.048 (0.887-1.239), respectively, and that of the losartan metabolic ratio, i.e., EXP3174 AUC/losartan AUC, which was used to evaluate CYP2C9 enzyme activity, was 0.774 (0.720-0.831).
For omeprazole, the point estimate (90% CI) of the ratio of the geometric means (after fermented red ginseng intake/before fermented red ginseng intake) of the C max and AUC last was 0.892 (0.747-1.066) and 1351.108, respectively. The corresponding point estimate (90% CI) of the omeprazole metabolic ratio, i.e., 5-hydroxyomeprazole AUC/omeprazole AUC, which was used to evaluate CYP2C19 enzyme activity, was 1.052 (0.925-1.197).
The point estimate (90% CI) of the ratio of the geometric means (after fermented red ginseng intake/before fermented red ginseng intake) of the C max and AUC last of dextromethorphan was 0.849 (0.688-1.047) and 0.907 (0.681-1.209), respectively, and that of the dextromethorphan metabolic ratio, i.e., dextrorphan AUC/dextromethorphan AUC, which was used to evaluate CYP2D6 enzyme activity, was 1.150 (0.861-1.538).
The point estimate (90% CI) of the ratio of the geometric means (after fermented red ginseng intake/before fermented 
Figure 1
Mean (± standard error) plasma concentration-time profiles for the five probe drugs, their metabolites and fexofenadine before and after the administration of fermented red ginseng. P-gp, P-glycoprotein; FRG, fermented red ginseng-derived product 
Effects of fermented red ginseng on P-glycoprotein
The mean C max and AUC last of fexofenadine were 71.9 ng ml À1 and 449.9 h ng ml À1 , respectively, between Days 2 and 3 (before fermented red ginseng intake); between Days 16 and 17 (after fermented red ginseng intake), these values were 84.8 ng ml À1 and 594.6 h ng ml À1 . The point estimate (90% CI) of the ratio of the geometric means (after fermented red ginseng intake/before fermented red ginseng intake) of the C max and AUC last of fexofenadine was 1.180 (0.979-1.422) and 1.322 (1.112-1.571), respectively.
Adverse event profile
The adverse events of fermented red ginseng and the probe drugs were evaluated in all 15 subjects. A total of 23 AEs was reported by 11 of the participants; these AEs included dizziness (eight events), euphoric mood (13 events), somnolence (one event), and xerophthalmia (one event). Symptoms such as dizziness, euphoric mood and somnolence are known to result from the use of midazolam. All AEs were mild, and all the test subjects who showed adverse sequelae recovered; serious AEs were not observed. The severity of all AEs was either mild or moderate, and all were resolved without medical intervention. There were no significant differences in the occurrence or severity of AEs, including changes in vital signs or clinical laboratory evaluations during the clinical trials.
Discussion
We evaluated the effects of fermented red ginseng on the activity of CYP enzymes and P-gp using the cocktail approach, which is commonly used to assess the effect of drugs on the activities of the main CYP450 enzymes in vivo [37] .
In most cocktail studies, only the metabolite to parent drug concentration ratio at a specific time point is used to determine interactions. However, the metabolite to parent drug concentration ratio does not provide an accurate quantification of interaction effects on enzyme activity. The European Medicines Agency (EMA) guideline on the investigation of drug interactions recommends that drug interaction studies that use the cocktail approach conduct a full characterization of the plasma concentration-time curves of the probe drug to estimate the effect on (oral) clearance or AUC; use of the ratio of metabolite to parent drug concentration at a specific time point is generally not recommended. Values are presented by geometric mean and geometric mean ratio (90% CI) AUC inf , area under the plasma concentration-time curve from 0 extrapolated to infinity; AUC last , area under the plasma concentration-time curve from time 0 to the last measurable time; CI, confidence interval; C max , maximum plasma concentration; CV w , intra-individual coefficient of variation; FRG, fermented red ginseng; P-gp, P-glycoprotein; t 1/2 , elimination half-life; t max , time to maximum plasma concentration a t max was presented by median b Wilcoxon Signed-Rank test Therefore, in this study, the pharmacokinetic parameters were calculated based on the plasma concentration-time profiles. Furthermore, to ensure the treatment was sufficient to induce or inhibit the activity of the enzyme or transporter, the subjects were administered the recommended daily requirement of the fermented red ginseng product for two weeks. According to the EMA guidelines for cocktail studies, the use of a cocktail with an appropriate composition is extremely important, and studies should be conducted to determine the effects of the cocktail on CYP450 enzymes (or transporters). The probe drugs used here were selected according to previous cocktail studies adopting the EMA and FDA guidelines. Since the 'Pittsburgh cocktail' was developed [38] , many other cocktail methods have followed, including the 'Cooperstown cocktail' [39] , the 'Karolinska cocktail' [40] and the 'Inje cocktail' [37] . In this study, we used the Inje cocktail combination and added drugs for P-gp to evaluate transport proteins along with the metabolic enzymes. All these drugs are established probe substrates that meet the criteria for cocktail drugs, including selectivity towards the respective CYP enzyme(s), the absence of interference with the metabolism and clearance of other drugs in the cocktail, safety and good tolerability. Caffeine has been studied as a probe drug to evaluate CYP1A2 enzyme activity because over 95% of it is metabolized to paraxanthine by CYP1A2 [41] . Losartan has been suggested as a highly specific and sensitive probe for CYP2C9 activity because EXP3174, a carboxylic acid metabolite of losartan, is specifically produced by CYP2C9-mediated metabolism of losartan [42, 43] . 5-Hydroxyomeprazole and 5-hydroxyomeprazole sulfone are produced by the metabolism of omeprazole by CYP2C19 and CYP3A4 [44, 45] . However, omeprazole has been widely used as a probe drug for CYP2C19. Dextromethorphan has been used as a probe drug for CYP2D6, and midazolam is the well-established drug that is commonly used for the phenotyping of CYP3A activity [46, 47] .
In a previous study, Yu et al. compared the effects of American ginseng (Panax quinquefolius) and Asian ginseng (Panax ginseng) extracts on gene expression of the hepatic P450 enzyme in adult rats and primary cultures or rat hepatocytes [48] . They found no evidence of the induction of CYP2B1, CYP3A23 or CYP1A2 in rat cultures. In another study, ginseng had no effect on several CYP isoforms, including CYP3A4, CYP1A2, CYP2E1 and CYP2D6 [49, 50] . However, in elderly humans, CYP2D was found to be slightly inhibited by ginseng [49] . Gurley et al. found that ginseng administration (500 mg three times daily for 28 days) had no apparent effect on CYP1A2, CYP2D6, CYP2E1 and CYP3A4 activity in 12 healthy participants [49, 50] . In a study of ginseng administration (4% ginsenosides, 100 mg twice daily for 24 days) in healthy volunteers, Anderson et al. also reported that ginseng did not modulate CYP3A activity [51] . However, the investigation by Malati et al. of 12 healthy volunteers showed that ginseng administration (5% ginsenosides, 500 mg twice daily for 28 days) induced CYP3A activity [31] .
In the current study, we found that fermented red ginseng administration inhibited CYP1A2, CYP2C9 and CYP3A4 activity but not CYP2C19 or CYP2D6 activity. Discrepancies between the results of this study and others may be because the content of absorbable ginsenosides such as ginsenoside Rh2, compound K, PPD and PPT is higher in fermented red ginseng than in ginseng. Liu et al. found that PPT and PPD, the deglycosylation products of naturally occurring ginsenosides, exhibited potent inhibition against CYP3A4 activity, and compound K and ginsenoside Rh2, which are more concentrated in fermented red ginseng than in red ginseng or fresh ginseng, also exhibited moderate inhibition of CYP2C9 and CYP3A4 activity [52] . Moreover, many in vitro studies have supported the idea that the ginsenosides, including ginsenoside Rb1, Rb2, Rc and Rg1, in fresh ginseng do not affect CYP enzyme activity but that metabolites of these inhibit CYP1A2, CYP2C9 and CYP3A4 [48, 52] . However, in this study, oral administration of fermented red ginseng inhibited CYP1A2 enzyme activity, but this effect is unlikely to cause significant interactions. Moreover, fermented red ginseng did not significantly affect CYP2C19. CYP2D6 enzyme activity may have been induced, but the corresponding coefficient of variation was large, and the results of the nonparametric tests did not reach significance. Because, unlike most other CYP450 enzymes, CYP2D6 is not very susceptible to enzyme induction, the probability of CYP2D6 enzyme induction is likely very low [53, 54] . CYP3A4 enzyme activity was inhibited by fermented red ginseng, but the effect is unlikely to be significantly different because of its small magnitude. We observed a statistically significant decrease in losartan mean plasma ratios after fermented red ginseng administration, indicating that fermented red ginseng intake inhibited CYP2C9 enzyme activity; however, this minor inhibitory effect on CYP2C9 is not likely to be significantly different because of its small magnitude. Therefore, fermented red ginseng is not likely to influence concomitantly administered CYP probe drugs in a significantly meaningful way because its inhibitory effects were small when it was administered according to dietary recommendations.
Fexofenadine has been used as a probe to assess P-gp transport and provides a broad measure of membrane transporter activity. In this study, the AUC last value of fexofenadine after the administration of fermented red ginseng was greater than that before. We have shown that the administration of fermented red ginseng can increase exposure to the concomitantly administered drug. Such increased exposure might alter the drug's effectiveness. The administration of fermented red ginseng is therefore likely to alter the effects of fexofenadine. However, in this study, the possible influence of other substrates, including organic aniontransporting polypeptides (OATPs), over that of fexofenadine could not be ruled out. Differences between the results of previous studies and the current findings were expected due to the differences between fresh ginseng and fermented red ginseng products that result from the processing of ginseng and because of differences in the race of the study subjects.
A limitation of this study is the small sample size of healthy subjects. Studies with a large sample size of patient subjects are needed to confirm the pharmacokinetic and pharmacodynamic effects of ginseng-drug interactions.
This study was able to accurately assess potential drug interactions and minimize confounding factors, such as comorbidities and concomitant medications, because it was conducted with healthy volunteers. However, due to variation in the composition of fermented red ginseng products that result from the manufacturing process, it may not be possible to expect the same results for all ginseng products. Moreover, unlike medicines, fermented red ginseng is generally consumed at levels higher than the recommended dose. Therefore, it is important to assess ginseng-drug interactions in humans where high doses of ginseng are involved.
Conclusion
In summary, the results showed that multiple doses of a fermented red ginseng product weakly inhibited CYP2C9, CYP3A4 and P-gp. However, no significant drug interactions between fermented red ginseng and the CYP and P-gp probe substrates were observed. Therefore, the potential of this product to cause metabolic and transport drug interactions is low.
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